Soluble root N concentrations of corn, sorghum, pearl millet, rice, wild rice, and soybeans were determined and related to measurements of nitrogenase activity and changes in availability of combined N to plants. In corn, sorghum, and pearl millet, applications of fertilizer N increased soluble root N concentrations, but root-associated nitrogenase activity was negligible in control and treated plants. Applications of NH4NO3 to rice increased the water soluble root N concentrations and inhibited rootassociated nitrogenase activity. In wild rice, root-associated nitrogenase activity was absent during vegetative growth and developed at the reproductive growth stage. The soluble root N concentration decreased progressively as wild rice grew indicating that the availability of combined N in the root environment declined. Therefore, development of nitrogenase activity in wild rice is associated with the change in availability of combined N in the root enviromment. The development of nitrogenase activity in wild rice was probably not due to colonization of roots by N2-fixing bacteria because most probable numbers of recovery did not significantly vary throughout the plants' growth cycle. In field-grown soybeans with or without fertilizer N application, we also observed a relationship between a decrease in soluble root N concentration and the development of nitrogenase activity.
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In diazotrophs, the development of nitrogenase is dependent on the N metabolism of the organism (3) . Nitrogenase activity by free-living nitrogen-fixing bacteria that have been suggested to form associations with roots of grasses is repressed by combined N (10) , and the addition of combined N to grasses has been reported to inhibit plant-associated nitrogenase activity (13, 15) . Nevertheless, fertilizer N has to be applied to cereal grasses to obtain good growth (7, 16) . Preliminary evidence suggests that, during the growth cycle of rice, the availability of combined N in the root environment estimated by measuring root N concentrations relates inversely with the development and rate of rootassociated nitrogenase activity (13) . Therefore, the objectives of this study were to (a) relate N application to soluble N concentra- ' Supported by the tions of corn, sorghum, pearl millet, and rice roots, and its consequent effect on root-associated nitrogenase activity; (b) relate soluble root N concentrations to the development of root-associated nitrogenase activity during growth of wild rice; and (c) compare the results of the interaction of combined N with the development of nitrogenase activity in rice and wild rice to a similar study with field-grown soybeans.
MATERIALS AND METHODS Plants. Rice (Oryza sativa L.) cv 'M9' was grown in saltmarsh sediment as previously described without the addition of fertilizer N (13) under conditions as reported by van Berkum and Sloger (14) . At flowering, groups of seven plastic growth pots each with one plant were transferred to 30-L containers (12) and were resubmerged in distilled H20. Each of the seven replicate plants received solutions of NH4NO3 to final rates equivalent to 0, 5, 10, 20, or 40 kg N/ha based upon the area occupied by each 30-L container. The solutions of NH4NO3 were injected directly into the saltmarsh sediment of each 800-ml plastic pot. The treated plants were kept in the greenhouse for 2 d under conditions similar to those for growth before nitrogenase activity and the concentrations of soluble root N were determined. Three plants from each N treatment were harvested separately for the measurement of root-associated nitrogenase activity by the short-term (2 h) intact method described by van Berkum and Sloger (14) . The roots from all seven plants from each N treatment were excised and prepared for dry weight and N determinations after acetylene reduction measurements were completed. In a similar experiment, additional groups of seven flowering rice plants received NH4NO3 equivalent to 0 or 150 kg N/ha, and 10 d later nitrogenase activity, root dry weight, and root N concentrations were determined.
Wild rice (Zizania aquatica L.) samples were collected from plants growing naturally in the Patuxent River Park, MD. Cordgrass (Spartina alterniflora Loisel.) samples were collected from plants growing in Kirkpatrick Marsh (11) . During the growing season of 1979, roots were collected from both species, placed in assay jars, and acetylene injected immediately at the sampling site; 8-h time course acetylene reduction measurements were made as described by van Berkum and Sloger (11) . Sampling Measurement of Root Nitrogen and Carbon. The availability of combined N in the root environment was estimated by measuring the concentration of water soluble N extracted from the root tissue. Roots of grasses (approximately 1.0 g/20 ml distilled H20) and roots of soybeans (approximately 1.0 g/ 15 ml distilled H20) were extracted with a VirTis2 homogenizer for 2 min at full speed. The nodules from roots of soybeans were removed before extracting the water-soluble fraction from the roots. Homogenates were expressed through a filter pad with a Carver Laboratory Press (Fred Carver Inc., Hydraulic Equipment, Summit, NY) at 108 kNewton applied pressure. Each liquid extract was dried in 16-cm-diameter watchglasses at 60°C. The solid material left in each watchglass after drying was scraped together, placed in a small glass vial, and stored in a desiccator over silica gel. Subsamples (100 mg) of the solid residues were subjected to an overnight preincubation in 6% (w/v) salicylic acid in concentrated H2S04 before semi-micro digestion for Kjeldahl analysis. The concentration ofNH4+ collected from digested samples by stream distillation was determined by titration with dilute H2S04. Additional subsamples (25 mg) were subjected to carbon analysis with a LECO Gravimetric Carbon Determinator model 521-275 (Leco Corp., St. Joseph, MI) using sucrose as standard.
Bacterial Investigations. Azotobacter vinelandii (B4208) was grown in batch culture in media (2) 
RESULTS
The concentrations of soluble root N at flowering of corn, sorghum, and pearl millet without fertilizer N application were 11.6, 8.7, and 17.0 mg N/g dry residue, and with fertilizer N application were 23.7, 21.5, and 25.9 mg N/g dry residue, respectively. Rates of root-associated nitrogenase activity measured with excised roots were negligible with or without fertilizer N application and considered to be too low (11) to be of significance in relation to the N data. A similar investigation was made with rice using a N-fertilizer application of 150 kg N/ha as NH4NO3 at flowering. Soluble root N concentrations were 17.7 and 45.6 mg N/g dry residue, and the C/N ratios were 15.6 and 5.4 for the control and treated plants, respectively. The difference in the concentrations were similar (260 mg C/g dry residue) The rates the relationship between soluble root N, C/N ratio of the soluble ofnitrogenase activities determined with intact plant-rt methods root fraction and the development of nitrogenase activity was were 235 ± 32 and 0 nmol C2H4/g dry root.
-h for the control and similar to the observations made with the grasses (Table III) 57% the concentration at pre-V1 stage and corresponded to a Azotobacter vinelandii grown without (NH4)2S04 expressed ni-change in the C/N ratio of the soluble root fraction from 3.3 to trogenase activity, whereas those cultures with the N additions did 4.9. The application of 80 kg N/ha at sowing delayed the develnot reduce acetylene. After 2 d of growth, the bacteria had grown opment of nodules and N2 fixation. At V6 stage, N2 fixation to approximately 5 x 108 cells/ml and were harvested. The N developed in soybeans supplied with 80 kg N/ha, and the soluble concentrations of the harvested bacteria were 10.0 and 13.9 yig N/ root N concentration was 51% of the concentration observed at mg dry weight of cells and the C/N ratios were 4.9 and 3.8 for the pre-V I stage corresponding to a change in the C/N ratio of the N2-fixing and NH4+-assimilating bacteria, respectively. The C soluble root fraction from 3.4 to 6.2. The change in the C/N ratio concentrations of the bacteria from both culture conditions were as the growth of soybeans at the three fertilizer N treatments similar (500 ,ug C/mg dry weight of cells). Short-term additions of progressed was due to the decrease in soluble root N because the a complex form of combined N (corn root extract) to N2-fixing C concentrations did not vary significantly with age or N treatment cultures of A. vinelandii inhibited nitrogenase activity. The mean (mean values were 326, 327, and 330 mg C/g dry residue for the rate of nitrogenase activity of the controls was 10.5 nmol C2H4/ml 0, 40, and 80 N treatments, respectively). of culture. h, while the rates for the bacteria treated with combined N varied from 1.6 (Fig. 1). the expression of root-associated nitrogenase activity in rice and Time-course measurements for nitrogenase activity with excised wild rice and the relative abundance of available combined N in wild rice roots were taken as the growth cycle of the plants the root environment. A similar inverse relationship between progressed in 1979. A delay before acetylene reduction was de-nitrogen fixation and availability of combined N was observed tectable occurred with roots taken on the first four sampling dates with A. vinelandii in pure culture and with field-grown soybeans. that corresponded to the vegetative stage of growth (Fig. 2) .
Scarsbrook (7) suggested that availability of N should ideally However, the delay decreased with each successive sampling date. be measured by the amount of N taken up from soil by growing Acetylene reduction occurred during the 1st h after sampling plants. De Ment et aL (4) measuring short-term N absorption by during the reproductive stage of growth (Aug. 8 and 22) . Acetylene plants found that the addition of combined N to N-deficient oat reduction occurred during the 1st h of time course measurements plants resulted in detectable increases in plant top N within 3 d. with roots of cordgrass on all sampling dates. The most probable The application of fertilizer N was reported to improve plant number of N2-fixing bacteria associated with the roots of wild rice growth of rice supporting root-associated nitrogenase activity ( 13). Although grass crops require fertilizer N for good growth (7, 16) , combined N represses nitrogenase activity of N2-fixing bacteria (3) . Combined N inhibited nitrogenase activity of A. vinelandii and increased the N concentration of the bacterial cells. We also observed that the rate of nitrogenase activity of A. vinelandii and the concentration of combined N in the cells' environment correlated inversely. Our results with A. vinelandii may indicate the relationship between the availability of combined N in the root environment of grasses and nitrogenase activity by bacteria associated with the roots. In rice, the application of KNO3 was reported to inhibit the development of root-associated nitrogenase activity and to stimulate plant growth (13) . In our study, the application of 150 kg N/ha to rice inhibited nitrogenase activity and increased the soluble root N concentration. Also, increasing rates of N application to rice progressively inhibited nitrogenase activity and increased the soluble root N concentration. Therefore, N2 fixation in rice is not able to provide the plant with all the N required for good growth, and fertilizer N must be provided which inhibits nitrogenase activity.
The measurement of nitrogenase activity with rice in this study was accomplished with an intact plant method to detect immediately linear rates of acetylene reduction (12) . It is also possible to use excised roots to determine the presence or absence of rootassociated nitrogenase activity in grasses (9, 11, 12) . The absence of nitrogenase activity is indicated by an extended delay before acetylene reduction begins with the analysis of freshly sampled roots (9) . In our study with freshly sampled roots of wild rice, we observed that a delay occurs before acetylene reduction during the vegetative growth stage. Therefore, undisturbed wild rice plants do not support root-associated nitrogenase activity during vegetative growth, although the associated population of N2-fixing bacteria induce nitrogenase activity upon prolonged incubation of the roots.
We observed with freshly sampled wild rice roots that the delay before acetylene reduction became shorter in duration as growth progressed. The addition of combined N to sorghum was reported to extend the delay before detection of acetylene reduction with excised roots (9) . Van Berkum (9) concluded that, during prolonged incubation of roots, nitrogenase activity is induced when the quantity of combined N in the bacterial environment is sufficiently reduced. Therefore, a progressive diminution in available combined N during the 1979 growing season of wild rice may have caused the shortening of the delay before acetylene reduction with freshly sampled roots. Indeed, the measurements of soluble root N during the 1980 season substantiated that the availability of combined N in the root environment decreased as the wild rice grew. The decrease in availability of combined N in the root environment of wild rice during growth probably allowed the population of associated N2-fixing bacteria to induce nitrogenase activity progressively sooner when excised roots were incubated for prolonged periods of time. After flowering, the availability of combined N to wild rice was significantly reduced and nitrogenase activity associated with roots of undisturbed plants established probably because the N2-fixing bacteria no longer were all subject to repression by combined N. The development of root-associated nitrogenase activity in wild rice was probably not due to the colonization of roots by N2-fixing bacteria because their most probable numbers of recovery did not significantly vary throughout the plant's growth cycle.
The soluble root N fraction of soybeans also decreased with plant growth. The application of fertilizer N at sowing initially prevented the extent by which the soluble root N concentration decreased as was apparent in the control plants. The measurement of soluble root N at V4 stage indicated that the inhibition of N2 fixation by fertilizer N application was probably mediated by an increase in the availability of combined N in the root environment. Nitrogen fixation with N fertilized soybeans established at V6 stage when the soluble root N concentration was similar to the control plants.
Our results suggest that N2 fixation develops in response to a deficiency in the availability of combined N. In soybean, symptoms of acute N deficiency in the crop are prevented because N from N2 fixation is readily available for plant growth. This explains why mid-season N applications to well-nodulated plants generally do not cause growth responses (6) . In contrast, measurements of N2 fixation in rice and wheat using isotopes of N indicate that the majority of the fixed N remains in the root environment (1, 5) . Free-living, N2-fixing bacteria and those forming associations with grass roots efficiently utilize fixed N for growth and release little while cell integrity is maintained (10) . Therefore, fixed N is not readily available for plant growth when rootassociated nitrogenase activity has developed in grasses. The deficiency of available N which induced the development of nitrogenase activity in grasses may well persist and lead to acute stress if fertilizer N is not applied. The growth response mediated by fertilizer N in grasses which support root-associated nitrogenase activity (13, 15) , and the resulting inhibition of N2 fixation suggest that the potential for associative N2 fixation in agriculture is limited. However, the development of N2 fixation in response to deficiencies of available combined N may well be an integral part of the N cycle of natural ecosystems whereby the N balance is maintained.
